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Abstract 
The BaSi2 semiconductor has excellent optoelectronic properties for solar cell applications and consists of earth-abundant elements. In this 
study, we have investigated the thin film growth of BaSi2 by a simple vacuum evaporation technique. It is shown by X-ray diffraction that 
single-phase BaSi2 films can be formed at high substrate temperatures of 500 and 600 ˚C on either Si(111) or EAGLE XG glass substrate. The 
film growth mechanism is discussed on the basis of the transmission electron microscopy observation and energy-dispersive X-ray spectra of 
the film and the residue of evaporation source. It is concluded that high substrate temperatures are needed to remove excess Ba atoms and to 
eliminate a composition gradient. In addition, suitable optical properties for solar cell applications are revealed by analyzing the transmittance 
and reflectance spectra. 
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
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1. Introduction 
The BaSi2 semiconductor is a promising candidate material for light-absorbing layer of earth-abundant thin-film solar cells 
because of excellent optoelectronic properties as well as the abundance of constituent elements in the earth’s crust. The band gap 
is 1.13–1.34 eV [1–3], which matches the solar spectrum. In addition, BaSi2 combines high optical absorption coefficients, 
reaching 3×105 cm−1 for a photon energy of 1.5 eV [3], and long minority-carrier diffusion length of 10 μm [4] and lifetime of 14 
μs [5,6]. Impurity doping technique has also been studied, and both electron and hole densities can be controlled in a wide range 
up to 1020 cm−3 [7–9]. From these characteristics, large-scale deployment of high-efficiency solar cells can be expected with 
BaSi2. 
For practical applications, the development of a cost-effective film fabrication technique is very important. We propose a 
simple and rapid vacuum evaporation method [10,11]. BaSi2 films can also be grown by the molecular beam epitaxy (MBE) 
[12,13] and radio-frequency sputtering methods [14,15]. MBE enables the growth of a-axis-oriented BaSi2 films on Si(111) and 
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Si(100) substrates [12,13]. The film quality is high with long minority-carrier diffusion length and lifetime [4,5]. The sputtering 
method was developed for high-speed and large-area film growth. Polycrystalline BaSi2 films with compatible optical properties 
to the epitaxial film are reported [15]. Vacuum evaporation is more simple than these methods because air-stable BaSi2 source 
can be used without compacting the powder. Furthermore, the film growth rate is of the order of 300 nm/min, which is 
considerably higher than the MBE (2 nm/min [16]) and sputtering methods (30 nm/min [15]).  
It is essential to understand the film growth mechanism for fabricating high-quality films that can be used for solar cells. We 
have therefore investigated the film structure in detail, which will be used for the discussion on the crystal growth mechanism of 
the BaSi2 evaporated films. Optical properties are also analyzed, which will show that the evaporated films have suitable optical 
properties for solar cell applications. 
2. Experimental method 
Commercial BaSi2 lumps (99% in purity, Kojundo Chemical Lab.) were used as source materials after crushing. The BaSi2 
source was melted on a tungsten boat and the vapor was deposited on the substrates which were placed 19 cm apart. The base 
pressure of the vacuum chamber was below 1.0×10−3 Pa. Substrates used were n-type Si(111) wafer (20–30 Ωѿcm) and Corning 
EAGLE XG glass, which were used after cleaning with HF solution and organic solvents, respectively. The substrate 
temperatures (Ts) studied were 400–600 ˚C. The fabricated films were characterized by X-ray diffraction (XRD; Bruker Discover 
D8 for thin films, Rigaku MultiFlex for powder), atomic force microscopy (AFM; Digital Instruments Nanoscope III), 
transmission electron microscopy (TEM; Hitachi H-9000NAR), energy-dispersive X-ray spectroscopy (EDX) equipped to a 
scanning electron microscope (SEM; JEOL JSM-7001FA), and transmittance and reflectance spectroscopy (JASCO V-570). 
3. Results and discussion 
3.1. Structural characterization 
Figure 1 shows XRD patterns of (a) the BaSi2 source (pulverized into powder), (b) the evaporated films on Si(111) and (c) 
EAGEL XG substrates. All peaks from the BaSi2 source are indexed to the orthorhombic BaSi2 phase, proving the purity of the 
source. The evaporated films grown on Si(111) substrates at 400 ˚C show no peaks. At Ts = 400 ˚C, hence, the film probably 
consists of microcrystalline or amorphous phases. Also on the EAGLE XG glass substrates, a BaSi2 film is not formed at Ts = 
400 ˚C and the film contains Ba(OH)2 and Ba5Si3. This result indicates that the films grown at low Ts are Ba-rich in composition. 
On the other hand, for Ts ≥ 500 ˚C, all the peaks from the films grown on both Si(111) and EAGLE XG substrates are indexed 
to the orthorhombic BaSi2 phase. This result clearly indicates that single-phase BaSi2 films are formed at high Ts of ≥ 500 ˚C. It 
is also noticed that relative peak intensities are considerably different from the theoretical pattern shown in Fig. 1(a) when the 
films are grown on Si(111) substrates [Fig. 1(b)]. The BaSi2 films on Si(111) substrates, hence, probably have preferred crystal 
orientation. This is in contrast with the films on EAGLE XG glass substrates [Fig. 1(c)], the relative peak intensities of which are 
not largely different from the theoretical pattern. It is therefore found that the substrate properties strongly influence the 
crystalline orientation of the BaSi2 evaporated films. 
 
  
Fig. 1. Powder XRD pattern of (a) the BaSi2 source together with a theoretical pattern of orthorhombic BaSi2 phase, and grazing-incidence XRD patterns of (b) 
the evaporated films on Si(111) and (c) EAGLE XG glass substrates. Diffraction indices were given to the peaks with higher relative theoretical powder 
diffraction intensities than 1/100 of the strongest diffraction. 
The morphology of the BaSi2 film grown on Si(111) substrate at Ts = 600 ˚C is displayed in Fig. 2. The plan-view AFM image 
[Fig. 2(a)] shows that the evaporated film is flat without any cracks. The root-mean-square roughness estimated from the figure 
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is 7.5 nm. In the bright-field TEM image [Fig. 2(b)], one can see a 410-nm-thick film on the Si(111) substrate. This film 
thickness is consistent with that determined by SEM [11]. And, the film consists of two layers, which are separated by the 
straight horizontal boundary indicated by an arrow in Fig. 2(b). It should also be noted that the top layer are comprised of thin 
grains elongated toward the growth direction, while the bottom layer consists of larger grains than the top one. This observation 
suggests that the bottom layer is formed by the diffusion of the deposited atoms into the substrate. The large grain size is 
probably owing to the single-crystalline nature of the substrate. 
 
  
Fig. 2. (a) AFM surface image and (b) cross-sectional bright-field TEM micrograph of the evaporated film grown on Si(111) substrate at Ts = 600 ˚C. 
3.2. Film growth mechanism 
The vapor composition during the film growth is one of the very important factors controlling the film properties. To 
speculate the vapor composition, we investigated the residue of the source on the tungsten boat. Figure 3 shows the SEM image 
and EDX spectrum of the boat with the source residue. It is noticed that there is porous product on the boat. They do not 
evaporate anymore by further heating in the present apparatus. By EDX [Fig. 3(b)], Si, S, Cu, O, and C are detected together 
with W. S, O, and C are contaminants probably from the diffusion pump oil and the ambient air. Cu signal is from the sample 
holder. The porous product is therefore a powder containing silicon. It was also confirmed by cross-sectional observation [10]. It 
should be noted that Ba is not detected, which should display the Lα peak at 4.5 keV. The vapor composition is, hence, 
presumably Ba-rich, compared to BaSi2. 
 
  
Fig. 3. (a) Secondary-electron image (SEI) of the tungsten boat after evaporation taken by SEM and (b) EDX spectrum of the observed area. Acceleration voltage 
is 15 kV. 
This Ba-rich vapor composition is probably one of the reasons of the formation of Ba-rich film on the EAGLE XG substrate at 
400 ˚C. At higher Ts, on the other hand, single-phase films are formed because the excess Ba atoms are eliminated. Considering 
the traces of diffusion in the TEM image [Fig. 2(b)], excess Ba atoms presumably react with Si in the substrate to form BaSi2. 
Because of high temperatures, Ba atoms would also evaporate from the film [10,11]. In both cases, it is concluded that the 
removal of excess Ba atoms is necessary to form single-phase BaSi2 films.  
It should also be taken into consideration that the vapor composition changes during the evaporation with time. To 
demonstrate it, we have fabricated two kinds of films [11]. One was grown at Ts = 400 ˚C by depositing the entire vapor while 
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the growth of the other was interrupted by closing the shutter. The film thickness of the former is 2.0 μm while the latter is 1.1 
μm. EDX analysis of the film surfaces has shown that the intensity ratio of Ba Lα/Si Kα is 0.3 for the former while it is 0.6 for 
the latter. This result indicates that the vapor is Ba-rich in the initial stage of the deposition while the proportion of Si increases 
with time during the evaporation. As a result, there must be a composition gradient in the film. Thus, high Ts probably 
contributes also to the elimination of the composition gradient [11].  
3.3. Optical properties 
Optical properties of the evaporated films were investigated by UV-Vis-NIR spectroscopy. Figure 4(a) shows the 
transmittance (T) and reflectance (R) spectra of the 220-nm-thick BaSi2 film grown on the EAGLE XG substrate at Ts = 600 ˚C. 
For a photon energy (hν) > 2.5 eV, T is almost zero, indicating strong absorption by the film. To extract absorption coefficients 
(α), we used Hishikawa’s method [17], which fits a strict theoretical equation considering multiple reflections to the T/(1−R) 
spectrum. The determined α spectrum is displayed in Fig. 4(b), together with the α of the epitaxial film [3]. It is found that the 
BaSi2 evaporated film has large α, comparable to the epitaxial film. 
Figure 4(b) also includes the plot of (αhν)1/2. By linear extrapolation of (αhν)1/2 to the horizontal axis, the indirect absorption 
edge (Eg) was estimated. The determined Eg value (1.14 eV) is smaller than the epitaxial film (1.34 eV [3]). Although the reason 
of this difference in Eg is not clear, the Eg value of 1.14 eV is suitable for solar cell applications, according to the Shockley-
Queisser theory [18]. Thus, it has been revealed that BaSi2 films with suitable optical properties for solar cell applications can be 
fabricated by the simple vacuum evaporation technique. 
 
  
Fig. 4. Optical properties of the BaSi2 evaporated film grown on EAGLE XG substrate at 600 ˚C. (a) T and R spectra. (b) α and (αhν)1/2 spectra. 
4. Conclusion 
We have revealed that single-phase BaSi2 films can be fabricated by a simple vacuum evaporation technique. The crystal 
orientation of the films is influenced by the substrate properties. The film growth mechanism has been elucidated from 
viewpoints of elemental composition control. High Ts has been found necessary to remove excess Ba atoms and to eliminate 
composition gradient. In addition, the evaporated film has suitable optical properties for solar cell applications, as shown by the 
analysis of the transmittance and reflectance spectra. 
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